Schizophrenia has been linked to abnormal dopamine function, recently to excessive amphetamine-induced
Schizophrenia has been linked to abnormal dopamine function, recently to excessive amphetamine-induced release of striatal dopamine, and also to pathology of prefrontal cortical neurons. It has been hypothesized that prefrontal pathology is a primary condition that leads to dopamine dysregulation. We evaluated in vivo
Considerable evidence has emerged over the years implicating the dopaminergic system in the pathophysiology of schizophrenia. The "dopaminergic hypothesis" of schizophrenia, that suggested hyperactivity of central dopamine neurons, was based on indirect pharmacological evidence (Carlsson 1988) ; for example, dopamimetic drugs such as amphetamine have psychotogenic properties and antipsychotic drugs, such as chlorpromazine, are dopamine antagonists.
Efforts to measure directly dopamine concentrations, metabolic enzymes, and receptor protein abundance in post mortem tissue and dopamine receptor binding with in vivo neuroimaging techniques have been largely inconclusive, dimming enthusiasm for the traditional dopamine hypothesis (Hietala et al. 1994; Kornhuber et al. 1989; Lee et al. 1978; Knable et al. 1997 ). However, three recent studies using D2 radioreceptor imaging have found that amphetamine causes larger displacement of the ligand from striatal receptors in schizophrenic than in healthy subjects, suggesting greater release of dopamine following amphetamine challenges (Laruelle et al. 1996; Abi-Dargham et al. 1998; Breier et al. 1997) . These data have reinvigorated interest in a dopamine abnormality, not in terms of "too much dopamine" per se , but in more subtle terms of abnormal responses of dopamine neurons to stimuli.
An independent line of neuropathological evidence has emerged over the past decade, based on neuroimaging, neuropsychological, as well as post mortem tissue studies, implicating the dorsolateral prefrontal cortex as a site of neuronal involvement in schizophrenia (Goldman-Rakic 1987; Weinberger et al. 1986; Pettigrew et al. 1991) . Consequently, it has been suggested that dopamine system dysregulation in schizophrenia might be a result of pathology of dorsolateral prefrontal cortex (Weinberger 1987; Deutch 1992; Davis et al. 1991; Grace 1991) . The latter hypothesis was based primarily on evidence from experiments in rodents, which have indicated that the prefrontal cortex through glutamatergic projections (Divac et al. 1978) regulates the burst firing patterns (Svensson and Tung 1989; Murase et al. 1993 ) and the number of spontaneously active dopamine neurons in the ventral brainstem (Shim et al. 1996) . Moreover, it has been demonstrated that prefrontal lesions exaggerate the release of subcortical dopamine evoked by drug challenges (including amphetamine) as well as by stress (Braun et al. 1993; Jaskiw et al. 1990; Flores et al. 1996; Roberts et al. 1994) . Consistent with this evidence, in a previous study in monkeys with developmental pathology of dorsolateral prefrontal cortex, we found that in vivo measures of neuronal integrity in dorsolateral prefrontal cortex inversely predict release of dopamine after amphetamine infusions (Bertolino et al. 1999) .
The purpose of the present study was to assess the in vivo relationship between a measure of neuronal integrity in dorsolateral prefrontal cortex and amphetamineinduced release of striatal dopamine in patients with schizophrenia and in healthy subjects. Based on animal literature and on our previous study in monkeys, we hypothesized that our measure of neuronal integrity of dorsolateral prefrontal cortex would predict greater amphetamine-induced striatal release of dopamine in patients with schizophrenia. We used proton magnetic resonance spectroscopic imaging ( 1 H-MRSI) and 11 C-raclopride Positron Emission Tomography (PET) in each subject. The former technique allows in vivo measurement and mapping of N-acetyl-containing compounds, mainly N-acetylaspartate (NAA), cholinecontaining compounds (CHO), and creatine ϩ phosphocreatine (CRE). NAA is an intraneuronal amino acid with highest concentrations in pyramidal glutamatergic neurons (Moffett and Namboodiri 1995) .
Several earlier studies have demonstrated reduced NAA measures in the prefrontal cortex and in mesial temporal lobes of patients with schizophrenia (Deicken et al. 1998; Callicott et al. 1998; Bertolino et al. 1996 Bertolino et al. , 1998a Buckley et al. 1994; Maier et al. 1995; Nasrallah et al. 1994; Renshaw et al. 1995 ; but also Stanley et al. 1996) consistent with post mortem evidence of compromised neuronal integrity in these regions (Selemon et al. 1995; Weinberger 1999) .
We used 11 C-raclopride PET to assess amphetamineevoked release of dopamine in the striatum.
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C-raclopride has high selectivity and low affinity for dopamine D2/D3 receptors and competes with synaptic dopamine for receptor occupancy (Breier et al. 1997 ). Therefore, by measuring in the same experiment both baseline raclopride binding and the change caused by amphetamine infusions, it is possible to indirectly measure amphetamine-induced release of dopamine (Breier et al. 1997) .
METHODS

Subjects
Nine patients (6 males and 3 females, age mean Ϯ S.D. ϭ 40.1 Ϯ 8.7 years) who met DSM-IV criteria for schizophrenia and had been chronically ill (illness duration ϭ 16.2 Ϯ 10.7 years) gave informed consent and volunteered to participate in this study. Diagnoses based on DSM-IV criteria were determined by a diagnostic conference utilizing data from a structured diagnostic interview (SCID), clinical interview by a research psychiatrist, past psychiatric and medical records, and informant interviews. Four of the nine patients had no prior antipsychotic drug exposure. The remaining five patients had been free of antipsychotic drug treatment for at least two weeks prior to both studies (mean 18 Ϯ 3.4 days, range 15-23 days).
Exclusion criteria included history of significant drug abuse, head trauma with loss of consciousness, and any medical condition that made amphetamine administration contraindicated. The PET data for six of the patients have been previously reported (Breier et al. 1997 ) and the 1 H-MRSI data of four of the patients have been reported in another publication (Bertolino et al. 1998a ). Seven healthy subjects of similar age (5 males, age 36.4 Ϯ 7.3) were also studied. The Brief Psychiatric Rating Scale (BPRS) was administered to all subjects at baseline, 15 and 70 minutes after the infusion of amphetamine.
H-MRSI Procedure
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H-MRSI was performed on a GE-SIGNA 1.5 Tesla MR scanner (GE Medical Systems, Milwaukee, WI) as in earlier reports (Bertolino et al. 1996 (Bertolino et al. , 1998a (Bertolino et al. , 1998b (Duyn et al. 1993) . Phase encoding procedures were used to obtain a 32 ϫ 32 array of spectra from volume elements in each selected slice. Each volume element ("voxel") had nominal dimensions of 7.5 ϫ 7.5 ϫ 15 mm (0.84 mL). Actual volume, based on full width at half maximum (FWHM) after filtering of k-space, was 1.4 mL (Duyn et al. 1993) . The filter was a radial cosine filter starting at half-maximum radius.
To produce metabolite maps, location and integration of the signal strength (range 0.2 ppm; 0.1 ppm on each side of the center of the peak) of NAA, CHO, and CRE peaks in all brain voxels was automatically computed. Metabolite signals are reported as ratios of the area under the peaks NAA/CRE, NAA/CHO, and CHO/CRE. Regions of interest (ROIs) were drawn blindly with reference to standard anatomical atlases by two raters on coplanar structural MRI scans (ICC for the two raters ϭ 0.92). The method for drawing the ROIs is described in detail elsewhere (Bertolino et al. 1996) . These ROIs were then transferred by computer on the 1 H-MRSI maps and the average NAA, CHO, and CRE values were computed. ROIs were identified in dorsolateral prefrontal cortex, hippocampal area, and in other cortical regions that served as comparison regions. These regions included superior temporal gyrus, inferior frontal gyrus, occipital cortex, and anterior and posterior cingulate.
C-raclopride PET Procedure
All scans were performed as previously reported (Breier et al. 1997) . Briefly, a GE Advance scanner was used to obtain 35 planes (4.25 mm gap) with an effective resolution after reconstruction of 6 mm isotropic. A transmission scan was performed using two rotating 68 Ge sources for attenuation correction. Subjects were oriented in the scanner such that scanning planes would be parallel to the orbito-meatal line.
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C-raclopride (2-8 mCi) was administered as a bolus followed by a constant infusion over 2 hr. The bolus was 53% of the total amount administered. Twenty-nine scans were acquired over the 2 hr. period; one every 3-5 min. Fifty minutes after beginning the raclopride administration, amphetamine (0.2 mg/kg, i.v.) was infused over a period of 60 sec. Pulse rate and blood pressure were measured throughout the scans.
Image processing was performed with proprietary software ("MIRAGE") developed by the NIH PET center. The images corresponding to 0-5 min of raclopride infusion were added together to form a single sum image. Volumes of interest (VOIs) were drawn in the cerebellum and on the left and right striatum (caudate and putamen together). These VOIs were then overlaid onto their corresponding position in each of the 35 individual scans, and samples (mean pixel values) were generated for each VOI. Left and right striatal VOIs were averaged to a single striatal value. These data obtained from five consecutive scans 30-50 min after injection and immediately before amphetamine administration (baseline) and five consecutive scans 75-100 min post raclopride bolus injection (postamphetamine) were averaged. Left and right striatal ROIs were also averaged. The specific raclopride binding was expressed as a ratio striatum/cerebellum. Spearman analyses were performed between 1 H-MRSI ratios and striatal percent change in specific raclopride binding.
RESULTS
Amphetamine did not cause any significant change in pulse (mean of healthy subjects, before and after: 58 and 60; mean of patients with schizophrenia, before and after: 63 and 70) or in systolic blood pressure (mean of healthy subjects, before and after: 148 mmHg and 148 mmHg; mean of patients with schizophrenia, before and after: 160 mmHg and 153 mmHg). Fifteen minutes after the infusion of amphetamine there was a temporary and slight increase in BPRS total score in the patients and in healthy subjects (mean BPRS total score, before and after in patients and controls: 38 and 42; 24 and 29, respectively). At 70 minutes, however, these increases had receded to baseline levels both in patients and controls (mean in patients and controls: 38 and 24, respectively). No untoward clinical effects were observed in patients upon their return to the ward after the conclusion of the PET procedure.
The cerebellar ROI was not available for one patient and, therefore, the results are presented for eight patients. In this small sample of subjects, the patients as a group did not differ significantly from healthy subjects in terms of mean NAA/CRE in dorsolateral prefrontal cortex (mean Ϯ SD for healthy subjects and patients with schizophrenia: 2.67 Ϯ 0.19 and 2.59 Ϯ 0.21, respectively). However, the patients showed significantly higher displacement of raclopride after infusion of amphetamine (mean in patients: 26.7; mean in controls: 15.7; t ϭ 2.1, df ϭ 14, p Ͻ .03).
In the patients with schizophrenia, dorsolateral prefrontal cortex NAA/CRE correlated with percent change in raclopride binding in the striatum after amphetamine infusions ( n ϭ 8, rho ϭ Ϫ 0.76, p Ͻ .02 ( Figure  1 ). Lower NAA/CRE in dorsolateral prefrontal cortex predicted higher changes in raclopride binding. To assess whether the correlation was attributable to NAA measures, we also examined the relationship between NAA/CHO and CHO/CRE in dorsolateral prefrontal cortex and change in raclopride binding in the striatum. While NAA/CHO showed a significant correlation, CHO/CRE did not [ rho ϭ Ϫ 0.69, p Ͻ .05 (Figure 2) and rho ϭ 0.04, p Ͼ .9 (Figure 3) , respectively] supporting the contention that the relationship is specific to NAA measures. No other cortical region showed any significant correlation even at the trend level after an appropriate Bonferroni correction for the number of comparisons.
In healthy subjects, NAA/CRE in dorsolateral prefrontal cortex was not predictive of change in raclopride binding ( rho ϭ 0.10, p Ͼ .7). Thus, this relationship appears specific to schizophrenia.
DISCUSSION
The purpose of the present study was to investigate the relationship between NAA measures in a population of neurons in dorsolateral prefrontal cortex and amphetamine-induced release of dopamine in patients with schizophrenia and in healthy subjects. We found a selective negative correlation between NAA measures in dorsolateral prefrontal cortex and changes in striatal raclopride binding after amphetamine infusion in patients with schizophrenia. Lower NAA measures in dorsolateral prefrontal cortex predicted greater decrease in raclopride binding, likely caused by increased amphetamine-induced release of dopamine. No other region in the patients or NAA measures in dorsolateral prefrontal cortex of healthy subjects show this correlation, underlining the regional specificity of this relationship and its association with schizophrenia. Therefore, the present data demonstrate that the apparent increased release of striatal dopamine after amphetamine infusions in patients with schizophrenia is related to NAA measures in dorsolateral prefrontal cortex. These data are also consistent with the results of our previous study in non-human primates with developmental pathology of dorsolateral prefrontal cortex wherein we showed that NAA measures in dorsolateral prefrontal cortex inversely predicted release of striatal dopamine after infusion of amphetamine into dorsolateral prefrontal cortex (Bertolino et al. 1999) .
The interpretation of the NAA component of this relationship is uncertain. While NAA is found in all neurons (Urenjak et al. 1993) , its concentration is highest in pyramidal glutamatergic neurons (Moffett and Namboodiri 1995) . NAA synthesis in the mitochondria is ADP dependent, catalyzed by L-aspartate-N-acetyl transferase that uses glutamate as a precursor for aspartate and either pyruvate or 3-hydroxybutyrate (source of Acetyl CoA) as substrates (Clark 1998) .
While the biological role of NAA has yet to be clearly defined, it acts via the glutamatergic NMDA receptor to elevate intracellular calcium (Rubin et al. 1995) , and its concentrations are reduced by pharmacological inhibition of mitochondrial energy metabolism (Bates et al. 1996) as well as by a number of pathological processes affecting the integrity of neurons (Cendes et al. 1997; De Stefano et al. 1995; Najim et al. 1998) . Other data also suggest that NAA concentrations vary with the structural and functional state of glutamatergic cells. For example, NAA increases during pharmacologically induced status epilepticus and then decreases after neuronal damage has occurred (Najim et al. 1998) . Surgical removal of the epileptic focus in temporal lobe epilepsy reverses NAA decreases not only in the affected side but also in the contralateral side, presumably by modulating abnormal interhemispheric glutamatergic projections (Cendes et al. 1997) .
We have previously shown that NAA levels are reduced in patients with schizophrenia in the hippocampal area and the dorsolateral prefrontal cortex, two areas in which glutamatergic pathology has been implicated in schizophrenia (Akbarian et al. 1996; Eastwood et al. 1995) . Moreover, we have shown that NAA levels in dorsolateral prefrontal cortex of patients with schizophrenia predict activation of the entire working memory related cortical network, including prefrontal cortex, parietal cortex, and cingulate, consistent with the excitatory role of glutamatergic neurons projecting from dorsolateral prefrontal cortex to these other brain regions (Bertolino et al. 1997) .
Taken together, these various data suggest that NAA measures, at least in the context of neuronal pathology, may vary as a correlate of glutamatergic activity of neurons. This speculation is consistent with another body of research indicating that glutamatergic projections from prefrontal cortex in rodents (Svensson and Tung 1989; Murase et al. 1993; Shim et al. 1996) and primates (Saunders et al. 1998 ) regulate activity of ventral brainstem dopaminergic neurons and striatal release of dopamine. Lesions of the prefrontal cortex enhance the responsiveness of the mesencephalic dopamine system to pharmacological challenges that activate the dopaminergic system (Jaskiw et al. 1990; Roberts et al. 1994) , including behavioral responses to dopamine agonists such as amphetamine and apomorphine (Braun et al. 1993; Jaskiw et al. 1990; Flores et al. 1996; Roberts et al. 1994 ). The present study represents the first attempt to correlate an in vivo neuronal measure in dorsolateral prefrontal cortex and evoked release of striatal dopamine in human subjects, and the results are consistent with the above mentioned experiments in animals. The present data are also consistent with the hypothesis that dopamine dysregulation in schizophrenia may be prefrontally determined. Healthy subjects, on the other hand, do not show this relationship, presumably because it reflects abnormal function of dorsolateral prefrontal cortex projecting neurons.
There is an alternative explanation of our data that should be mentioned. Amphetamine, in addition to causing release of dopamine and other biogenic amines, also causes release of glutamate (Del Arco et al. 1998) . Therefore, it is conceivable that NAA measures in neurons of dorsolateral prefrontal cortex correlate with striatal amphetamine-induced release of dopamine simply because they predict the potential of these neurons in dorsolateral prefrontal cortex to release glutamate after amphetamine infusions, both neurotransmitter release phenomena being linked to amphetamine. However, if this were the explanation for our findings, it is not likely that the correlation would have been so regionally specific.
In this small sample of subjects, the groups did not differ in terms of NAA measures in dorsolateral prefrontal cortex. This is not surprising based on the effect size of the NAA reductions found in earlier studies, which indicate that a group of n ϭ 64-80 is required to avoid type II error (power Ͼ 70-80%, b Ͻ 0.2-0.3) (Callicott et al. 1998 ). This effect size reflects both the subtlety of the NAA deviation as well as the error in the measurement. However, it is important to underline that this study was not performed to assess mean NAA differences or differences in displacement of raclopride after amphetamine in schizophrenia. The differences in NAA measures between patients and healthy subjects have been repeatedly found in a series of studies from different groups of investigators in larger samples, indicating that, in schizophrenia, NAA values are generally shifted downward presumably indicative of compromised neuronal integrity (Deicken et al. 1998; Callicott et al. 1998; Bertolino et al. 1996 Bertolino et al. , 1998a Buckley et al. 1994; Maier et al. 1995; Nasrallah et al. 1994; Renshaw et al. 1995 ; but also Stanley et al. 1996) . Instead, the purpose of the present study was to explore the correlation between these measures, which we have demonstrated.
Prior treatment with neuroleptics is always a potential confound in studies of patients with schizophrenia, even if medication-free at the time of the study. In the present paper, we report a correlation between prefrontal NAA and the amphetamine-induced di splacement of raclopride. We believe that the regionally specific nature of the NAA variable is difficult to attribute to a medication effect, and the displacement measure is intrinsically less prone to possible effects of previous treatment with neuroleptics as this represents the difference within a subject between baseline and afteramphetamine binding of raclopride measured in the same session. Nevertheless, we cannot categorically exclude a role of past neuroleptic treatment on the emergence of the correlations within the patient group.
In conclusion, the results of this study in patients with schizophrenia show a selective correlation between a measure of prefrontal neuronal integrity and amphetamine-induced striatal release of dopamine in that lower indices of prefrontal neuronal integrity are predictive of higher striatal release of dopamine. These results lend further evidence to the proposal that it may be possible to ameliorate dopamine related clinical aspects of schizophrenia at the level of dorsolateral prefrontal cortex glutamatergic function (Weinberger 1987; Moghaddam and Adams 1998) .
